Introduction
Benzotriazoles (BTRs) and benzothiazoles (BTHs) are two classes of polar emerging contaminants that are frequently detected in surface water all over the world (Ni et al., 2008; Loos et al., 2009; Nödler et al., 2014) . Due to their widespread use in several industrial applications and everyday products (anticorrosive and antifreezing products, drugs, ultraviolet stabilizers), sewage is considered their main pathway to the aquatic environment and concentrations up to some μg L -1 are frequently detected (Liu et al., 2012 ; Thomaidis et al., 2012; Stasinakis et al., 2013) .
According to monitoring studies conducted in full-scale Sewage Treatment Plants (STPs), BTRs and BTHs are partially removed during conventional wastewater treatment (Reemtsma et al., 2010; Stasinakis et al., 2013) . Some recent studies have focused on the aerobic biodegradation rates of these compounds in activated sludge (AS) batch experiments, while continuous-flow experiments have so far not been performed to investigate their removal in AS systems. Specifically, Liu In a recent study focusing on biodegradation and sorption, Mazioti et al. (2015) reported that BTR, CBTR, xylytriazole (XTR), and 2-hydroxybenzothiazole (OHBTH) can be biodegraded by AS with half-lives varying from 6.5 hours to 47 hours, while sorption contributes weakly to their elimination.
Concerning biological wastewater treatment, a novel type of treatment has been developed by the late 1980s in Norway (Barwal and Chaudhary, 2014) . This type of treatment profited of the microorganisms trend to form biofilms and is nowadays giving a promising option for wastewater treatment. Moving Bed Biofilm Reactor (MBBR) systems have been used both in pilot plant studies and in full scale plants for the treatment of different types of wastewater (Barwal and Chaudhary, 2014) . MBBRs are usually filled with plastic biocarriers, on which biomass is attached, and circulate in all parts of the reactor with the aid of aeration or mechanical stirring. Some of the attached biomass advantages are their ability to cope with high loading conditions, the capacity of treatment of both industrial and municipal wastewater at a relatively low footprint and the avoidance of excess sludge removal (Loupasaki and Diamadopoulos, 2013; Shahot et al., 2014) . Due to these advantages attached biomass presents, many previous studies have focused on the operation of MBBRs pilot systems investigating the removal of conventional pollutants from sewage (Di Trapani et al., 2011; Ibrahim et al., 2014; Zhang et al. 2014 and Gilbert at al., 2014) . On the other hand, though biofilms may be a key technology for the removal of toxic and emerging pollutants (Borghei et al., 2004; Edwards and Kjellerup, 2013) , only few studies have examined the removal of micropollutants using MBBRs. Specifically, Falås et al. (2012) investigated pharmaceuticals degradation and calculated removal rate constants in batch experiments with carriers that had been collected from different fullscale STPs, while in a recent work they investigated the removal of 20 micropollutants by monitoring a full scale hybrid biofilm/AS plant (Falås et al., 2013) . In another study, the removal of three hormones was examined by early-stage biofilm in batch tests (Khan et Accinelli et al. (2012) examined the removal of bisphenol-A, atrazine and oseltamivir with bioplastic carriers inoculated with specific bacterial strains. Concerning BTRs and BTHs, so far their removal in MBBR systems has not been studied and their biodegradation constants have not been calculated using attached biomass. Moreover, to the best of our knowledge, no studies are available comparing the ability of suspended and attached biomass to remove micropollutants. Limited information is also available for the role of organic loading (Ahmadi et al., 2015) and the contribution of different reactors in series on micropollutants removal in a MBBR system. Based on the above, the main objective of this study was to examine two different types of biological treatment (AS and MBBR) in order to compare their ability to remove BTR, CBTR, XTR, 4TTR, 5TTR and OHBTH from domestic wastewater. For this reason, two continuous-flow laboratory scale systems were installed and operated under different hydraulic retention time (HRT). Both systems were monitored during adequate period of time for the elimination of conventional wastewater parameters and target micropollutants and the specific removal rates (as μg of compound per gram of biomass and day) were calculated for each target micropollutant. Special focus was given on the contribution of different bioreactors of MBBR system on the removal of micropollutants and on the biodegradation potential of developed biomass in different bioreactors. Batch experiments were also conducted using AS and biomass from MBBR systems in order to determine the role of organic substrate, measured as chemical oxygen demand (COD) on biodegradation kinetics. The calculated biodegradation constants were used in order to predict the removal of target compounds in applied systems and consequently evaluate their accuracy.
Materials and Methods

Analytical standards and reagents
Analytical standards of XTR and CBTR were supplied by Sigma-Aldrich (USA). BTR was purchased from Merck (Germany), 4TTR by Fluka (Switzerland), 5TTR by Acros Organics (Belgium); whereas OHBTH was purchased from Alfa Aesar (USA). Stock solutions of individual compounds were prepared in methanol (MeOH) at 1000 mg L -1 and kept at −18 • C. Working solutions of 10 mg L -1 were prepared when needed and were kept at −18 • C for a time period not exceeding three months. Methanol (MeOH; HPLC-MS grade) and acetonitrile (ACN; HPLC grade) were purchased from Merck (Germany) and Fisher (USA), respectively. The solid phase extraction (SPE) cartridges used for samples' clean-up were polymer-based with surface modified styrene divinylbenzene phase (Strata-X, 33u Polymeric Reversed Phase 200mg/6ml) and they were supplied by Phenomenex (USA). HPLC grade water was prepared in the laboratory using a MilliQ/MilliRO Millipore system (USA). Ultra-pure HCl (32%), used for samples acidification, was purchased from Merck (Germany).
Continuous flow systems: set-up and operation
Small scale continuous flow systems were installed and operated in the laboratory ( Figure S1 
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± 0.16 kg m -3 d -1 ). The AS for AB start-up was taken from a nitrifying municipal STP (Mytilene, Greece), operating at a SRT of 18 d; the laboratory scale system operated in summer 2014. The MBBR system consisted of two aerobic bioreactors (BC1 and BC2) connected in series, with a working volume of 4.5 L each. Each bioreactor contained biocarriers (type K3, AnoxKaldnes) at a filling ratio of 30%. The biocarriers were moving due to aeration in all parts of the reactor. The MBBR system was operated at two HRTs, in two different experimental cycles during summer and autumn 2014. A HRT of 26.4 ± 3.6 h (for each reactor) was applied in the first experimental cycle, providing a low substrate organic loading (MBBR-low) equal to 0.25 ± 0.16 kg m -3 d -1 for BC1 and 0.05 ± 0.03 kg m -3 d -1 for BC2. A lower HRT of 10.8 ± 1.2 h (for each reactor) was applied in the second experimental cycle in order to provide higher substrate organic loading (MBBR-high), equal to 0.60 ± 0.40 kg m -3 d -1 for BC1 and 0.17 ± 0.11 kg m -3 d -1 for BC2. All systems were fed with raw wastewater collected from the STP of the University Campus in Mytilene, Greece (Table S1 ). In all bioreactors, the conservation of aerobic conditions and adequate mixing of biomass were achieved by using porous ceramic diffusers, while dissolved oxygen concentration (DO) was higher than 4 mg L -1 . In order to develop a stable biofilm onto the carriers, the MBBR system was operated for 5 months with domestic wastewater before starting the experiments with micropollutants. An acclimatization phase of 3 to 4 weeks took place for both systems, during which conventional pollutants removal was frequently examined in order to ensure AS and MBBRs stability and efficient performance. After this period of time, the target compounds were spiked using methanol solutions, in order to obtain a daily stable concentration inflow of approximately 20 µg L -1 . In order to evaluate the removal of target compounds, samples were taken for 10 consecutive days from different sampling points of the systems ( Figure  S1 ). To control the operation of continuous-flow systems, COD, NH 4 -N, NO 3 -N, Mixed Liquor Suspended Solids (MLSS), Total Suspended Solids (TSS), attached biomass onto biocarriers, temperature (T), DO and pH were measured at predetermined time intervals.
Batch biodegradation experiments
To calculate biodegradation kinetics of target compounds and to investigate the effect of organic substrate availability on their biodegradation, batch experiments were also conducted with both types of biomass. AS was collected from a nitrifying STP (Mytilene, Greece) during autumn 2014, while attached biomass was used from the second MBBR experimental cycle (MBBR-high) that was running that period. AS experiments were conducted in stoppered glass bottles that were constantly agitated on a shaking plate. The working volume in each reactor was 1 L and the mixed liquor suspended solids (MLSS) concentration was equal to 3000 ± 200 mg L -1 . Experiments with attached biomass were conducted in the bioreactors (BC1, BC2) by stopping the flow and operating them under batch conditions for 24 h. The investigated compounds were spiked using methanolic solutions to obtain an initial concentration of approximately 30 μg L -1 for each microcontaminant in the reactors. Two different COD concentrations were tested (30 mg L -1 and 270 mg L -1 ), corresponding to a low and moderate organic loading of 0.03 kg m -3 d -1 and 0.27 kg m -3 d -1 , respectively. To quantify biodegradation of micropollutants, homogenized samples (50 mL) were collected after 0, 1, 2.5, 5, 12 and 24 hours. Since sorption to organic matter is of minor importance for these groups of compounds (Mazioti et al., 2015) , the concentrations of target compounds were determined only in the dissolved This is a post-print of the manuscript Biodegradation of benzotriazoles and hydroxy-benzothiazole in wastewater by activated sludge and moving bed biofilm reactor systems. Bioresource Technology. Volume 192, September 2015, Pages 627-635 The publishers version is available from: http://dx.doi.org/10.1016/j.biortech.2015.06.035. 6 phase using the analytical method described below. All batch experiments were conducted at 22.0 ± 0.5 o C, pH ranged between 6.3 and 7.4, while DO was higher than 4 mg L -1 .
Analytical methods
Analysis of COD, NH 4 -N, NO 3 -N, TSS and MLSS were performed according to Standard Methods (APHA, 1998), Τ, DO and pH were measured using portable instruments. The quantification of the attached biomass occurred by removing the biofim from biocarriers and measuring the dried weight difference, as described by Falås et al., 2012. Microscopic observations were also conducted in order to check AS process (Jenkins and al. 2003 ) and biofilm formation.
For the investigation of target compounds fate, samples were filtered through glass fiber filters (GF-3 Macherey Nagel). Filtrates were collected, acidified to pH 3.0 ± 0.1 and stored at 4 o C until analysis. Analysis of target compounds in the dissolved phase was based on previously developed methods Mazioti et al. 2015 ) and included solid phase extraction (SPE). Chromatographic analysis was performed by a Shimatzu (Japan) LC20-AD prominence liquid chromatographer associated with a SPD-M20A prominence diode array detector and a SIL-20AC auto sampler. Satisfactory recoveries and precision of the analytical procedure was achieved; whereas the obtained LODs ranged from 17 ng L -1 (BTR) to 125 ng L -1 (CBTR). Further information for the analytical method and the chromatographic conditions can be found in a recently published study (Mazioti et al., 2015) .
Equations
Micropollutants removal in laboratory scale reactors was calculated according to Eq. (1):
Where C in is the concentration of target compound in influent wastewater (μg L -1 ) and C out the concentration in treated wastewater of each examined reactor (μg L -1 ).
Specific removal rate for each compound and type of biomass was calculated according to Eq.(2):
(2) Where Q in and Q out the flow rates of influent and effluent wastewater, respectively (L d -1 ), X the concentration of attached or suspended biomass (g L -1 ) and V the volume of each bioreactor (L).
The biodegradation rate constants (k) were estimated using first order kinetics. Pseudo first-order biodegradation rate coefficient, k bio , normalized to attached or suspended biomass (L g MLSS -1 d -1 ) was calculated for each biodegradation experiment using the appropriate sorption constant (K d as L g -1 ) for each compound ( 
Where C t and C 0 are the dissolved target compound concentrations in batch experiment at time t and t = 0, respectively, (μg L -1 ).
Predicted removal in continuous-flow systems was estimated using the first-order biodegradation rate constants (k) calculated in batch experiments, according to equation was 4:
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(4)
Where τ is the hydraulic retention time for each reactor; in the case of the MBBR system (τ 1 , τ 2 ), while for the AS system only one reactor was used (τ 1 ).
Statistical analysis
In order to compare the removal values and specific removal rates one-way ANOVA was used with Tukey-Kramers post-test for significant differences between groups.
Results and Discussion
Operation of continuous-flow AS and MBBR systems
The operational parameters of the continuous flow systems are presented in Table 1 . Both systems adequately eliminated organic loading from wastewater, achieving similar average dissolved COD removal equal to 86% (MBBR-low) and 90% (AS). Both systems were also able to remove NH 4 -N sufficiently (average removal 93 -95%). During microscopic observations, protozoa, rotifers and filamentous bacteria were identified in the AS system, indicating a stable and mature environment (Jenkins et al., 2003) . Metazoa and protozoa were also observed in the MBBR system ( Figure S2 ). In the AS system, MLSS decreased slightly during the acclimatization phase, but the concentration remained stable (2230 ± 290 mg L -1 ) during the experiment with micropollutants. In the MBBR system, a thicker biofilm and a higher concentration of biomass developed in the first bioreactor, BC1 (Table 1 ; Figure S3 ), probably due to the higher COD concentrations in BC1 comparing to BC2, where most organic substrate had already been consumed. Despite the thinner biofilm in BC2, the developed biomass had a greater ability to nitrify. In the first experimental cycle (low loaded MBBR), on average 170 mg of NH 4 -N were removed per day and per gram of biomass in BC1, while 250 mg d -1 g -1 were removed in BC2. A similar trend was also observed during the second experimental cycle (high loaded MBBR), with nitrification rates being even higher in both reactors (on average 295 mg d -1 g -1 in BC1 and 480 mg d -1 g -1 in BC2). Furthermore, in the high loaded MBBR system, a thicker biofilm was observed in both bioreactors. This is a post-print of the manuscript Biodegradation of benzotriazoles and hydroxy-benzothiazole in wastewater by activated sludge and moving bed biofilm reactor systems. 
Removal of target compounds in continuous-flow systems
The observed removal of target compounds in each system was mainly due to biodegradation as the compounds are known not to be degraded due to abiotic mechanisms, under the conditions found in bioreactors, and they are poorly sorbed onto biomass (Mazioti et al. 2015) . Their average removal varied from 43 to 76% for BTR, 8 to 69% for 4TTR, 0 to 53% for 5TTR, 42 to 49% for CBTR, 9 to 43% for XTR and 80 to 97% for OHBTH ( Figure 1) , indicating that none of the compounds was totally eliminated during wastewater treatment. Except for CBTR that was removed at the same rate regardless of the treatment type, all other compounds were eliminated to a different degree, depending on the system used. In order to compare the removal efficiency of a suspended-growth and an attached-growth system operating in parallel under the same organic loading conditions and HRT, AS system and BC1 of MBBR-low system were used. According to Figure 1 , the removal of 4TTR, 5TTR and XTR was similar in both systems, whereas statistically significant differences were observed for BTR (higher in AS), CBTR (higher in AS) and OHBTH (higher in MBBR), indicating that the application of same organic loading and HRT does not necessarily lead to same removal for all micropollutants. The increase of HRT in the low loaded MBBR system via the addition of a second reactor (BC2) enhanced to some degree the removal of micropollutants (up to 15%) but complete removal was not achieved.
Similarly to the current study, Ahmadi diethylphthalate and diallylphthalate removal when HRT was increased from 3 to 12 h in a MBBR laboratory scale system. When the MBBR system was operated under a higher organic loading (2 nd experimental cycle), the total removal of XTR and CBTR was the same with low loaded MBBR. On the other hand, statistically lower removal was observed for OHBTH, BTR, 4TTR, while 5TTR was not eliminated at all (Figure 1) . Beside the increased biomass developed in high loaded MBBR (Table 1) , it seems that the increase of the organic loading in the MBBR system decreased its capacity to remove some of the target compounds. So far, limited results have been published in the literature for the role of organic loading on the removal of micropollutants. Ahmadi et al. (2015) reported that the increase of organic loading from 0.73 to 1.46 kg COD m -3 d -1 had not actual effect (<1%) on the removal of two phthalic acid esters in a MBBR. To the best of our knowledge, no other studies are available in the literature for the range of organic loadings applied in the current study (0.25 to 0.60 kg m -3 d -1 ) and for the added concentrations of micropollutants (μg L -1 levels).
Ability of different types of biomass to biodegrade target compounds
As the biomass amount was not the same in all bioreactors (Table 1) , the specific removal rate (as μg per g and day) was calculated for each micropollutant to compare the ability of biomass developed in each system to remove the target compounds. According to the results presented in Table 2 for total specific removal rate, the attached biomass developed in MBBR systems presented statistically significant higher ability to biodegrade all target compounds comparing to the suspended biomass of AS system. In the low loaded MBBR system, these values ranged between 4.6 (XTR) to 11.3 μg g -1 d -1 (BTR), while similar (for OHBTH, XTR, CBTR) or lower values (for BTR and 5TTR) were calculated in high loaded MBBR system. This general advantage of the attached biomass over the suspended is probably due to the higher residence time of biomass onto carriers that could allow a richer biodiversity through the protection of slow growing bacteria from washout, which might be capable to remove micropollutants. In a recent study, Zhang et al. (2015) observed significant differences on the microbial communities established in suspended and attached biomass on phylum and genus level. Moreover, Edwards and Kjellerup (2013) reported that a large variety of species of microorganisms is included in biofilms, whereas all of them contribute to each other's metabolic needs. To investigate whether biomass with the same ability to remove our target compounds is grown in different bioreactors of the MBBR system, specific removal rates were also calculated for BC1 and BC2 of both MBBR systems (Figure 2 , Table S2 ). For biomass developed under poor organic loading conditions (MBBR-low), three compounds (BTR, 4TTR and 5TTR) had no different specific removal rate between BC1 and BC2. On the other hand, CBTR and XTR were more efficiently removed in BC2, while for OHBTH the first reactor was more effective. It is worth mentioned that the low removal observed for OHBTH in BC2 could be attributed to the low availability of this compound in this reactor (due to its significant removal in BC1) and not necessarily to the capacity of the biomass. A different trend was observed with biomass originating from the high loaded MBBR (MBBR-high). CBTR, XTR and OHBTH had no differences when comparing the potential of BC1 and BC2, while biomass in the second bioreactor had statistically significant greater ability to remove BTR (in MBBR-high, the specific removal rate for 4TTR and 5TTR could not be calculated in BC1). These results indicate that biomass with different ability to This is a post-print of the manuscript Biodegradation of benzotriazoles and hydroxy-benzothiazole in wastewater by activated sludge and moving bed biofilm reactor systems. Bioresource Technology. Volume 192, September 2015, Pages 627-635 The publishers version is available from: http://dx.doi.org/10.1016/j.biortech.2015.06.035.
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remove micropollutants can be developed in each bioreactor of a MBBR system and BC2 seem to have a significant role in the development of microorganisms with higher capability to biodegrade micropollutants. It is known that the development of attached biomass is strongly affected by the wastewater characteristics (pH, temperature, type of bioavailable organic compounds, abundance of nutrients) and the operational conditions of the system (organic loading, aeration rate). The existence of low concentrations of micropollutants could also affect bacterial behaviour. In a recent study, it was reported that even small concentration of a xenobiotic compound (0.1 µg L -1 for PFOA and PFOS and 0.5 µg L -1 for triclosan) can provoke increase of extracellular polymers (EPS) in sludge, therefore affecting the transfer of substances from the mixed liquor to the interior of the flocs or the biofilm (Pasquini et al., 2013) . This could decrease the amount of micropollutants available to microorganisms and therefore decrease their removal. Results are given for each bioreactor (BC1 and BC2), separately (different letters indicate statistical differences at 95% confidence level; t-bars represent 95% confidence interval).
Effect of substrate on biodegradation kinetics
To investigate the role of substrate on biodegradation of target compounds, batch experiments were conducted and biodegradation constants were calculated under high and low COD concentrations (Figure 3 , Table S3 ). For the AS experiment, the biomass used was not taken from the continuous flow system but from the local municipal STP operated at the same SRT (18 d) in order to be able to perform the batch experiment at the same time as the experiment with biomass from the high load MBBR. The biodegradation constants (k bio ) calculated for BTR, CBTR, XTR and OHBTH were in the same range as the values found for AS in our previous work (Mazioti et al. 2015) . The increased substrate concentration resulted in increased biodegradation ( Figure 3A) , indicating that biodegradation of the target compounds in AS is due to cometabolism by microorganisms utilizing a wide range of carbon sources. Similar observations for the role of co-metabolism have already been reported in previous studies (Huntscha et al. 2014; Mazioti et al., 2015) . Biodegradation constants for 4TTR and 5TTR were generally very low during the experiment (24 h). This is in agreement with our previous work (Mazioti et al. 2015) but contradict the ability of the continuous-flow AS system used in this study to degrade these compounds. In the literature, contradictive results have been reported for the biodegradation potential of these two compounds in AS systems. Weiss et al. (2006) 14 substrate concentration do not seem to explain the differences observed in biodegradation of these two compounds, there is need for further research on the characteristics of biomass and the specific groups of microorganisms involved in their removal.
Concerning the attached biomass, to the best of our knowledge, no biodegradation constants have been calculated for the target compounds so far. First order degradation constants (k) were in the same range with constants calculated for AS (Table S3 , Figure  S4 ). When normalized to the concentration of biomass, the biodegradation constants (k bio ) for the attached biomass were higher, especially for biomass originated from BC2 whereas the concentration of solids was lower (Table S3 ). Among target compounds, the highest k bio were obtained for CBTR, BTR and OHBTH and were 6.7, 5.6 and 4.8 L·g SS -1 ·d -1 , respectively. Regarding the role of COD on biodegradation kinetics, similarly to AS experiments, the increase of COD enhanced biodegradation of target compounds ( Figure  3B , C). These results indicate that co-metabolic phenomena are also responsible for the biodegradation of target compounds in attached biomass systems.
Comparing calculated and predicted removal efficiencies
To investigate how well batch biodegradation kinetics predict the removal of target compounds in continuous-flow systems, Equation 4 was used to predict the removal of each target compound and the predicted removal efficiencies are compared with measured removal efficiencies as shown in Figure 4 . The predicted removal by AS was very close to the observed removal for CBTR and OHBTH. For XTR, the measured removal was much lower than the predicted, while on the other hand BTR was actually removed at a higher extent (74%) than predicted (35% and 55%). Little removal was predicted for 4TTR and 5TTR which is quite different from that is observed in the continuous-flow system ( Figure  4A ). The differences might be due to the fact that the biomass used in batch experiments for the calculation of kinetics was not the same as that used in the continuous flow experiment. These observations indicate that for 4 out of 6 target compounds, care should be given on batch biodegradation kinetics used for predicting their removal in full-scale systems, as the origin of biomass seem to affect the results. Among MBBR systems, as it was expected, better prediction was achieved for MBBR-high as the biomass used for batch and continuous-flow experiments was the same. Specifically, the behaviour of BTR, 4TTR, 5TTR and OHBTH was predicted sufficiently, while minor fluctuations were observed for CBTR and XTR ( Figure 4C ). Regarding MBBR-low system, the use of Equation 4 predicted sufficiently 3 out of 6 (BTR, XTR, OHBTH). However, significant differences were observed especially for 4TTR and 5TTR ( Figure  4B ). 
Conclusions
Both AS and MBBR system were able to biodegrade the target compounds. Removal efficiencies ranged from 43 to 76% for BTR, 8 to 69% for 4TTR, 0 to 53% for 5TTR, 42 to 49% for CBTR, 9 to 43% for XTR and 80 to 97% for OHBTH. The biomass developed in the MBBR system had greater capacity for removal, especially when operated under low organic loading. The presence of easily degradable organic matter enhanced biodegradation of compounds in batch tests. Further research is needed especially for 4TTR and 5TTR, focusing on specific microorganisms that could be responsible for their biodegradation.
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